To determine the cause of the severe drought that hit five provinces (autonomous regions, municipalities) of Southwest China in 2010, the ecological water demand (EWD) of regional vegetation was explored. The key scientific question was whether the plantation of Eucalyptus and Hevea trees in this area could have led to the breaking of the regional EWD balance, thereby causing a regional drought. Therefore, major research progress and trends related to EWD of vegetation, such as characterization of vegetation water consumption from transpiration and eco-hydrological effects, were explored. Theories, methods, and practices regarding EWD of vegetation, and the correlation between regional vegetation types and droughts were evaluated. Finally, suggestions were made for specific scientific research on temporal and spatial evolution of typical artificial vegetation in Southwest China and on the relationship between EWD from regional vegetation and droughts. Thus, future research should include the following three aspects: (i) historical evolution and distribution pattern of regional artificial vegetation; (ii) water consumption from transpiration, water saving for drought prevention, and water and soil conservation of regional artificial vegetation; and (iii) the relationship between EWD of regional artificial vegetation and regional droughts. The proposed research focus is expected to provide a scientific basis for identifying the causes of regional droughts and the reasonable allocation of water resources. In addition, it will be of great importance in guiding restoration and reconstruction of regional artificial vegetation.
Introduction
In 2010, a severe cross-seasonal drought occurred in five provinces of Southwest China, catching the whole country by surprise. This rare event not only had severe impacts on the social economy and people's livelihood in the disaster-stricken areas, but brought on a wide and heated discussion in the scientific community regarding the possible causes (Qiu 2010; Stone 2010) , in particular, as to whether the drought could be considered a natural or a manmade disaster, i.e., induced by human activities (Du 2010; Zhang 2012) . Those scholars in favor of a natural disaster pointed out that the plantations of Eucalyptus spp. and Hevea spp. were the major cause (Du 2010; Zhang 2012) . In fact, the ecological benefits of Eucalyptus (Eshetu & Olavi 2003; Jon & Jesus 2004; Robinson et al. 2006; Espinosa-García et al. 2008) and Hevea (Yang et al. 2004b; Zhu et al. 2004; Li et al. 2007a; Du et al. 2008; Lu et al. 2009 ) species have been questioned over the past decades, as these plants are generally considered as "water pumps" as they suck up large amounts of ground water. However, this hypothesis currently lacks experimental verification.
In this paper, the ecological water demand (EWD) of regional vegetation in Southwest China is explored in the context of the severe drought that hit Southwest China in 2010. Our study focuses on the following four aspects: (1) the key scientific issues behind the 2010 severe drought in Southwest China; (2) major progress and trends in research on EWD of vegetation; (3) a case study evaluating the existing problems in research on EWD of vegetation in Southwest China and its progress; and (4) key proposition for research on EWD of vegetation and its major directions. Our intention is to provide theoretical guidelines for the research on EWD of vegetation in the future.
Key scientific issue
Analysis of biological characteristics showed that both Eucalyptus spp. and Hevea spp. are fast-growing economic species with a huge demand for water and nutrients. Therefore, the question rises whether plantations of these species can break the balance between supply and demand of regional ecological water use (EWU) and thus lead to regional drought. This scientific issue needs to be investigated as soon as possible to address the causes of regional droughts and to provide strategies to counteract the regional arid climate, leading to regional vegetation reconstruction and ecological restoration.
Research progresses and trends
The first research on EWD dates back to the 1940s in the USA when the river base flow was investigated to assess fish survival. Later, research was extended to riverine and rivers and, finally, carried out on a regional scale. In China, EWD research started in the 1990s with the aim of ecological restoration and reconstruction in arid areas of Northwest China. In recent years, with the development of theoretical research and application, EWD research has been divided into three branches, each focusing on different areas, i.e., ecology, environmental sciences, and hydrology. In this paper, we mainly discuss the EWD of natural vegetation, which refers to the water demand for the maintenance of normal vegetation growth (or maintenance of the ecological health of vegetation biosystems) (Huang et al. 2005) , which has been a major subject of EWD research as well as a hot issue in the field of vegetation restoration and reconstruction. The following is a synthetic analysis of the progress and trends in EWD research of vegetation.
Characteristics of water consumption from transpiration and the eco-hydrological effects of vegetation
Understanding the characteristics of water consumption from transpiration is the premise for research on EWD of vegetation. Since 2000, major efforts have been made along this research direction in China, in particular focusing on aspects of regional vegetation construction and ecological restoration. Li (2007) , for example, investigated the water consumption from transpiration of several major afforestation tree species in the loess region of Northern Shaanxi, showing that the daily water consumption of a single plant of Populus simonii, Caragana microphylla and Hippophae rhamnoides during their vigorous growth period (from July to September) is 3.199, 0.567 and 0.152 kg, respectively. Xu et al. (2008) analyzed the water consumption from transpiration of Haloxylon ammodendron in the hinterland of the Taklimakan Desert, demonstrating that the stem sap flow is clearly characterized by a circadian rhythm: peak values occurred between 10 am and 3 pm, while minimum values were observed between 12 pm and 3 am. In addition to this daily pattern, the sap flow was influenced by various environmental factors: solar radiation, temperature and wind speed showed a positive correlation with stem sap flow, while relative humidity was negatively correlated. Li et al. (2007b) studied the characteristics of water consumption of three landscaping shrub species in Beijing and obtained the following results: (i) water use efficiency of Buxus microphylla was higher than that of Euonymus japonicus and Ligustrum vicaryi; (ii) the daily water consumption of E. japonicas in spring, summer and autumn was 0.7829, 0.3775, and 0.6732 kg m 22 d 21 , respectively, indicating that this species is a high water use plant, mainly in spring and autumn; and (iii) the daily water consumption for L. vicaryi in summer could be up to 0.9186 kg m 22 d
21
, while its daily water consumption in spring and autumn was only 45% and that in summer was 43%. Similar results were found for B. microphylla with a daily water consumption of 44% in spring and autumn 45% of that in summer. Thus, in summer, both L. vicaryi and B. microphylla can be considered high water use plants. Wang et al. (2007) analyzed the water consumption of tobacco, discovering that under sufficient water supply, the change of water consumption during its whole reproductive period takes the shape of a single-peak curve, while the water consumption coefficients during the stages of vigorous growth, maturity stage, and root extension were 45.23%, 34.80%, and 19.97%, respectively. Water consumption from transpiration was positively correlated with soil water supply, thus, a deficiency in water supply during its growth period, in particular exposure to drought at the vigorous growth stage, would have an impact on the water consumption from transpiration. Studying apple trees, Zhang et al. (2010) illustrated that on a sunny day with rather high or low soil water, the sap flow curve presented a wide peak and a single peak, respectively; if the soil was covered with sand, the sap flow started earlier and the peak sap flow velocity was higher than the Ecological water demand of regional vegetation 101 control group. These achievements, together with those of other published work (Bigelow 2001; Irmak et al. 2003; Williams et al. 2004; Xu & Singh 2005; Yepez et al. 2005; Alkaeed et al. 2006; Komatsu et al. 2008; Tong et al. 2008; Tian et al. 2011) illustrate that the research focus has shifted from simple measurements of water consumption and transpiration rate to the systematic analysis of environment factors, and the application of new technologies and ways of artificial regulation. In addition, the experimental species involved were regional and selected for ecological restoration, including landscaping species, economic crops, and gardening plants, with a research scale varying from individuals to ecological systems (e.g., forest). However, a comparison of the current literature showed that research on water consumption from transpiration has been dominated by work on arid species, while that on species from other climates was rather rare. For example, in the drought-stricken areas of Southwest China, the only research carried out on the characteristics of water consumption from species for vegetation restoration was from the dryhot valley of the Jinsha River (Duan 2008 ). Therefore, it is rather urgent to extend EWD research on water consumption from vegetation transpiration to areas with uneven allocation of water resources and seasonal droughts.
The eco-hydrological effects of vegetation, such as water holding and storage capacity, have a direct or indirect impact on the water storage of an ecosystem, which is related to ecological water shortage (EWS 2 ) and water use, two of the major subjects in EWD research of vegetation. However, at present, there are few reports on the combined research on ecohydrological effects and EWD of vegetation.
Theories, methods and practices of EWD
Over the past 10 years, the research on EWD of vegetation has made great progress. In China, for example, five major contributions were made in EWD of vegetation.
i) Mutual relationships of relevant concepts of EWD and a general procedure for water resources allocation of the ecosystem. Zheng et al. (2004) scientifically identified the basic concepts of EWD, i.e., ecological water storage (EWS 1 ), EWU, EWS 2 , ecological water consumed (EWC), and ecological water returned (EWR) ( Table I) , and brought out two basic equations: EWS 2 ¼ EWD -EWS -EWU, and EWR ¼ EWS 1 þ EWU -EWC ( Figure 1 ). The authors pointed out that EWS 2 is the direct basis for water resource allocation of an Table I . Relevant concepts on EWD.
Concepts
Basic definition Supplementary explanation EWD Total water needed to maintain the water balance of an ecosystem in a given area during a specific period of time
The amount of water needed for the maintenance of the ecological water balance which generally comprises water-heat balance, water-sand balance, and water-salt balance EWS 1 Natural water stored in or obtainable from a given area of an ecosystem during a specific period of time Considering the water reserve of an ecosystem as a "water bank", EWS 1 represents a kind of "capital", consisting of naturally stored water, such as ground water, soil water, water present inside living creatures, as "deposit", and naturally gained water, such as rainfall and runoff water as "income" EWU Water returned to the ecosystem by man to achieve specific ecological goals
The achievement of specific ecologic goals refers to a gradual improvement of the eco-environment. EWU will be determined by social conditions, i.e., the amount of EWU will depend on the recognition of the importance of eco-environmental protection by human society EWS 2 Water recharged by the eco-system under special conditions due to its deficiency and needs
When EWS 2 exceeds a certain limit, which is beyond the selfregulation capacity of eco-system, i.e., water is in short for too long, the eco-system will face the risk of eco-degradation and functional depletion. Therefore, EWS 2 is an important measure for the health of an ecosystem, as well as the basis for the development and allocation of water resources EWC The water naturally consumed for the maintenance of the composition, structure and function of the eco-system itself in a certain period of time There are two major ways water is consumed by an ecosystem: one is through transpiration, i.e., the water evaporated into the air and the other through the formation organic material by living organisms EWR Liquid water returned by the ecosystem, i.e., water not consumed by the ecosystem, albeit participating in material and energy circulation
In fact, EWR is the water flux from one ecosystem to another, and it represents an important tie between nearby ecosystems, revealing the reuse of water resources 102 F. Yu et al.
ecosystem, while EWD and EWS 1 represent the fundamental theoretical basis for identification of EWS 2 . In addition, some general procedures to be followed in practices of water resources allocation for the ecosystem were described (Figure 2) . ii) Establishment of a relatively unified EWD classification system. After years of exploration, based on distinguishing between EWD and environment water demand (Yang et al. 2003) , a relatively unified classification system of EWD was initially established in China. For example, the work of Yang et al. (2004a) categorized EWD of the internal and the external river according to the geographic location of water demand. In addition, a classification was proposed between EWD precipitation and EWD runoff according to the real source of EWD (Hillbricht-Ilkowska et al. 2000) . Currently, these classifications are widely accepted and used. iii) Development and improvement of basic theories and calculation. A synthetic analysis of the literature by and , revealed the following basic theories on EWD of vegetation: the ecological suitability theory, the system threshold theory, the hydrological cycle and water balance theory, and the agricultural meteorology theory. Calculation methods for EWD of vegetation include the quota-area method (QAM) (the direct calculation method), the phreatic evaporation method (PEM, an indirect calculation method), the plant evaporation -transpiration method (PETM), the water balance method (WBM), the biomass method (BM), and the method based on remote sensing technology (MBRST) ( Table II) . These basic theories and calculation methods have been widely used in research on EWD of vegetation. Ecological water demand of regional vegetation 103 iv) Set up of a research framework with key propositions for EWD in China. According to Yan et al. (2007) , under competitive water use by society, economy and environment, a research framework for EWD in China can be divided into three levels: (i) scientific determination of regional EWD; (ii) reasonable allocation of the regional water resources; and (iii) a risk management plan for regional EWU. This framework encompasses the following key propositions for EWD: (a) systematic identification of water -ecology interaction mechanisms, (b) scientific determination of the influence of human activities (human disturbances) on the EWU procedure, (c) development of technologies for the scientific measurement of ecological water benefits (rate), (d) development of technologies for the efficient application of water ecological benefits, (e) EWD simulation technologies based on the distributed eco-hydrological model and its application, (f) EWD calculation based on quantitative ecological objectives and effective ecological water benefits (rate), and (g) EWD regulation and management based on a rational allocation of water resources. v) Research on EWD of vegetation in typical regions.
Studies on EWD of vegetation have been ; K s , soil water correction coefficient (related to soil texture and soil water content); K c , plant coefficient (ratio of the greatest water demand measured to the greatest possible water evapotranspiration from plants); and PE 0 , potential evapotranspiration determined by climatic conditions (usually calculated using Penman's formula) (mm/d) Method name: The PETM, including revised Penman's method and Hargreaves algorithm Calculation formulas for revised Penman's method:
Parameters' meaning: ET 0 , potential evaporation (mm/d); C, correction coefficient; W, weight coefficient related to air temperature; R n , net radiation calculated according to equivalent evaporation (mm/d); f(u), function related to wind speed u; E a , saturation vapor pressure of air (mb); E d , actual average vapor pressure of air (mb); ET, actual water demand from plant (mm/d); K c , plant coefficient; and f(s), factors of soil impacts Calculation formulas for Hargreaves algorithm: Method name: The WBM Calculation formula:
Parameters' meaning: E t , evapotranspiration from vegetation in the period from time t to time t þ 1 (mm); W tþ1 , soil water content at time t þ 1 (mm); W t , soil water content at time t (mm); P, precipitation (mm); C, groundwater recharged (mm); R, surface runoff (mm); and D, percolation of soil water (mm) reported for a number of regions in China: the Ejina oasis (Zhao et al. 2007) ; the Jinghe river watershed (He et al. 2004) ; the Loess hilly regions (Huang et al. 2005) ; the Shihezi reclamation area (Wang et al. 2011) ; the Dadu river watershed (Yan et al. 2009 ); the Zanthoxylum bungeanum var. dintanensis forestland in the typical Karst areas of Guizhou Province ; the aquatic plants in the Baiyangdian Lake ; and others reported in the literature (Su & Kang 2005; Pan et al. 2007; Cui et al. 2009 Cui et al. , 2010 Hu et al. 2009; Du et al. 2010; Jia et al. 2011) . These investigations, which were conducted on different scales and involved various ecological systems, illustrate the great progress that has been made in research on EWD of vegetation. However, research on EWD of vegetation has been limited to species and vegetation of arid areas. With the increasing conflicts between the supply and demand of water resources, there is an urgent need to include EWD research from other climatic areas in order to efficiently develop strategies for vegetation reconstruction and ecological restoration, as well as the artificial regulation of water resources.
The relationship between regional vegetation types and an arid climate
According to basic theories in meteorology and plant geography, the climate in a certain area determines to a large extent the vegetation types occurring in that area; in turn, these vegetation types will have a certain feedback and influence on the regional climate as well. However, regional climate vegetation status is also inevitably and profoundly influenced by human activities (e.g., land use) (Henkin & Seligman 2011; Catorci et al. 2012; Martínez Pastur et al. 2012) . Thus, the relationship between vegetation types and climate in an arid region is rather complicated. In fact, this relationship should be addressed by a cross-regional and cross-discipline research approach. At present, many achievements on the relation between human activities (human disturbances) and climate change in the field of regional ecology and global ecology have been obtained; however, there are few reports on the relation between vegetation types and a regional arid climate in the field of vegetation ecology, hydrology, and water resources. Nevertheless, in recent years some progress has been made in some countries regarding research on the eco-hydrological effects of vegetation and environmental protection, such as rainfall interception (Yuan et al. 2002; Zhang et al. 2003) , surface runoff and soil erosion reduction Yang et al. 2009 ), soil water holding (Qi et al. 2012; Zhao et al. 2012) , droughtresistant properties (Li et al. 2006; Hessini et al. 2009; Miranda et al. 2010) , drought-response and drought-adaptive mechanisms Granier et al. 2007; Jacobsen et al. 2007; Liu et al. 2010) , survival potential under stress (Mattana et al. 2012; Simões et al. 2012) , environmental remediation and improvement Petrou & Milios 2012) , and microenvironment climate regulation (Chase et al. 2000; Zhao et al. 2001; Huang et al. 2011; Fernández Calzado et al. 2012) . These reports, which involved different types of vegetation, provide a certain basis for the research on the relationship between vegetation types and a regional arid climate, which might eventually lead to a significant breakthrough in this scientific field.
A case study
The region of Southwest China that was hit by a severe drought in 2010 constitutes a hot and dry ecosystem, characterized by a high level of biodiversity. Although the region has experienced frequent seasonal droughts throughout history, the one that occurred in 2010 was unprecedentedly severe, characterized by serious socioeconomic losses and far-reaching impacts. In addition, since 2010 seasonal droughts have erupted consecutively in parts of Southwest China, such as Kunming, arousing considerable concern in the country. The relationship between regional droughts and regional artificial vegetation is one of the major scientific issues worthy of exploring in order to achieve a better understanding of the mechanisms that underlie this phenomenon. Vegetation in Southwest China is crucial for regional economic development and eco-environmental quality in China. Thus, over the past several decades, large areas of artificial vegetation were established in the southwestern provinces (autonomous regions, municipalities), such as the Hevea plantations in Yunnan and the Eucalyptus plantations in Guangxi, Yunnan, and Guizhou. However, such artificial vegetation has created several environmental problems, such as a decline in soil water quality and nutrition of the land (Jon & Jesus 2004; Yang et al. 2004b; Robinson et al. 2006) , and a decrease in biodiversity and land productivity (Eshetu & Olavi 2003; Zhu et al. 2004; Li et al. 2007a; EspinosaGarcía et al. 2008 ). These problems were in accordance with the previously mentioned hypothesis that these plants act as "water pumps".
A key question regarding the relationship between regional droughts and artificial vegetation is whether the EWD of regional artificial vegetation disturbs the balance between water supply and demand. Further research is needed to address this Ecological water demand of regional vegetation 105 question. Although in the literature several relevant reports were found on EWD of crops in Dadu River Watershed (Yan et al. 2009 ) and of Z. bungeanum var. dintanensis forestland in typical Karst areas in Guizhou Province , no scientific data are currently available on EWD from regional vegetation in Southwest China. Relevant basic research in this area might not only resolve the controversy as to whether the recent droughts are caused by human activities, but will also be of great importance in guiding regional vegetation reconstruction, ecological restoration, and reasonable allocation of regional water resources.
Conclusions
The analysis above shows that in recent years significant progress has been made in the study on EWD of vegetation. Nevertheless, there are several issues that need further investigation: (a) the separation between studies on EWD of vegetation and studies on eco-hydrological effects of vegetation, (b) the regional imbalance in EWD research, in particular the lack of research on EWD of vegetation in Southwest China where the severe drought occurred in 2010, and (c) the challenge of joining cross-regional and cross-discipline research efforts to reveal the relationship between vegetation types and climate in arid regions.
Perspectives
Considering the frequent seasonal droughts in Southwest China and the controversy on the ecological benefits of such artificial vegetation as Eucalyptus spp. and Hevea spp. plantations, the authors suggest an extensive scientific research on the temporal and spatial evolution of the typical artificial vegetation in Southwest China and on the relationship between EWD of regional vegetation and the recent droughts occurring in this area. There is an urgent need for a multidimensional approach which should include vegetation succession, EWD, plant physiology, and ecology. Thus, three key issues should be emphasized (Figure 3 ). i) Historical evolution and distribution pattern of regional artificial vegetation. Based on present research achievements on vegetation in Southwest China, and in combination with statistical and image data of vegetation restoration and reconstruction since 1960, the historical evolution and distribution pattern of regional artificial vegetation should be analyzed through geographic information system and remote sensing technology. This analysis should include changes in vegetation types, variety of distribution range, and fluctuations in area and quantity. The aim is to construct a distribution map including main types, distribution range and area size of the regional artificial vegetation in different periods (ages). These data will provide basic information for the research on temporal and spatial evolution of EWD of vegetation (part iii) (Figure 3) . ii) Characterization of water consumption from transpiration, drought-adaptive mechanisms and eco-hydrological effects of typical artificial vegetation. The water consumption from typical artificial vegetation, including the spatial and temporal changes, should be explored through investigation of its basic characteristics, such as transpiration rate, water consumption from transpiration and its diurnal variation, seasonal effects, and environmental factors. Furthermore, the drought-adaptive mechanisms and the drought-resistant properties of different species should be identified. Analysis of the water-holding capacities of different vegetation types, such as rainfall interception, surface runoff, soil erosion reduction, and soil moisture holding, will contribute to understanding their eco-hydrological effects. Together, these studies will be able to reveal the eco-environmental benefits of artificial vegetation regions (Figure 3 ). iii) The relationship between EWD of artificial vegetation and regional droughts.
Based on the characterization of vegetation water consumption from transpiration (part ii), the EWD quota of regional typical artificial vegetation (species) can be calculated. Together with the basic information obtained in part (i), the spatiotemporal pattern of EWD of the regional artificial vegetation can then be determined. A comparative analysis between drought and the spatiotemporal changes of EWD, rainfall, temperature, and water evaporation in a particular region will eventually clarify the relationship between EWD of typical artificial vegetation and regional droughts (Figure 3) . The research proposed above is expected to reveal the real ecological effects of regional artificial vegetation and its EWD on droughts. Furthermore, it will not only provide a solid scientific basis for the identification of the cause for regional droughts and the allocation of water resources, but it will also be of great significance in guiding regional vegetation reconstruction and ecological restoration. 
